Abstract: This paper attempts to examine the effect of stator-rotor geometry on the minimization of cogging torque of a flux reversal generator (FRG). With respect to stator geometry, height (or thickness) of the permanent magnets of the stator poles was varied and cogging torque minimization was observed. With respect to rotor geometry, the following cases were considered: a) rotor pole arc variation and b) V-shaped punches on the rotor pole. The characterization of FRG under these cases for the observation of the effects on cogging torque was performed using three-dimensional finite element analysis. From the results of simulation, a model was selected for prototyping. The working model was thus made and validated. Discussions of the possible inferences of every case are systematically provided. Such a sensitivity analysis focused on the reduction of cogging torque is a new addition to the FRG literature.
Introduction
A flux reversal machine (FRM) is a hybrid machine developed by combining the merits of switched reluctance machine and doubly salient permanent magnet machine. Both stator and rotor are projecting poles. Each stator pole has a field winding for its excitation, and in addition each has two permanent magnets (PMs) affixed to the bottom of the pole shoes. The PMs of each stator pole are placed in opposite polarities. A stator with a field coil for excitation, as well as excitation by permanent magnets, produces double the induced electromagnetic field (EMF) when compared to other permanent magnet machines, which in turn delivers more power density, torque, and high speed. In [1] , research was carried out to prove that FRM is more reliable than other doubly salient machines. The advantages of FRM are low inductance, low electrical time constant, low rotor inertia, simple construction, high power density, and fault tolerance capability. These properties of FRM make it suitable for aerospace and automobile applications [2, 3] .
The major drawback in FR machines is torque ripple. This produces high levels of noise and vibration in FR machines, which must be kept within prescribed limits. One main cause for torque ripple is cogging. Cogging torque is due to the attraction of the PM and the rotor tooth of the machine [4, 5] . FRM consists of a PM on the stator teeth, and this generates cogging torque. It is generated by an uneven air-gap permeance, resulting in the magnets continuously facing a position of minimum reluctance.
Several researchers [6] [7] [8] [9] have proposed various design techniques to reduce cogging torque (rotor skewing, chamfering, dummy slot, multiple teeth, and magnet arrangements). With respect to reducing cogging torque, * Correspondence: knsrinivas@bsauniv.ac.in this paper analyzes the influence of a) stator PM height variation, b) rotor pole arc variation, and c) a V-shaped punch on rotor pole. Three-dimensional FEA is used to simulate and study the generator behavior.
Cogging torque development
Fundamentally, cogging torque can be expressed as
where φ g is the air gap flux, R is the air gap reluctance, and θ is the rotor position. The magnet is the source of the air gap flux because the cogging torque is observed when there is no current in the stator coil. This shows the cogging torque is caused by the attraction between the PM and rotor tooth. Based on R variation, the cogging torque changes periodically [10] [11] [12] [13] .
To calculate the waveform period of cogging torque, the static torque is calculated for the entire 360 electrical degrees of rotor position. The 0
• and 360 
Through machine design, theoretically, the cogging torque can be removed either by forcing the air gap flux, φ g (from Eq. (2)), to be zero, or by varying the rate of change of R , i.e. dR dθ [4] . It is not possible to make φ g zero, as φ g is required for positioning stator and rotor poles and the components of reluctance torque, which drives the machine. Hence, the cogging torque is eliminated by forcing dR dθ to a minimum with rotor position, and in the proposed stator-rotor geometry modifications the same is also done.
The FRG under study and analysis
A cross-section of the FRG under study is shown in Figure 1 . It is designed for a 6/8 stator/rotor combination. Each stator pole is placed 60
• apart and the rotor pole arc is made up of half of the stator pole arc. Each stator coil has 198 turns. In order to increase the flux density, the opposite polarities of twelve NdFeB PMs are placed on the inner surface of stator poles. The residual flux density of the PM is 1.26 T and coercive force is 986 kA/m. For conductors, 198 stator coils have SWG 22 sized wire. In this generator, all the magnetic parts are made up of LOSIL 460 steel material with a thickness of 0.5 mm and a mass density of 7750 kg/m 3 . The BH curve of the LOSSIL material is shown in Figure 2 . The magnetic saturation is 1.8 T. The major dimension of the FR generator is given in Table 1 . The generator is designed to operate at variable speeds and deliver 1 kW power at a speed of 5000 rpm.
The finite element method is used to calculate the generator torque. For the cogging torque calculation, excitation is not applied to the winding and the motion effects are not taken into account. Therefore, a finite element static solver is used. In order to find the cogging torque from the results of static analysis, the component of the torque vector along the z-axis needs to be considered. The rotor pole arc has a great effect on the magnitude of the cogging torque [7] . Hence the influence of varying β r is analyzed, keeping the magnet arc a constant. The rotor pole arc is varied in the range of 15.5
• to 25.5
• . Figure 3 shows the rotor pole arc with 15. Table 2 . The flux-linkage characteristics of various pole arcs were obtained for combined permanent magnet and winding excitations. Figure 5 shows the flux linkage for different rotor pole arcs, from which it is clear that with an increase in rotor pole arc the peak-to-peak flux linkage decreases. For the analyzed generator, the peak flux linkage is 0.04 Wb for a pole arc of 15.5
• , and for a pole arc of 23.5
• , it is 0.0025-0.0023 Wb. The self-inductance of the generator for different rotor pole arcs was calculated using the flux-linkage characteristics. Peak inductance falls as the rotor pole arc increases. This indicates that higher rotor pole arcs are useful in reducing the reluctance torque of the generator, and in turn this will reduce cogging torque. Figure 6 shows the electromagnetic torque for various rotor pole arcs, taking both the PM and winding excitation into consideration. The electromagnetic torque and torque ripple values are given in Table 2 . Minimum cogging torque and minimum torque ripple occur at rotor pole arcs from 23.5
• . Transient analysis was also carried out for the various rotor pole arcs at 5000 rpm with a resistive load of 172 ohms. The calculated power, losses, and efficiency are given in Table 3 . Maximum efficiency was obtained at a rotor pole arc of 23.5
• . Thus, the optimal range of rotor pole arcs for this FRG is 23.5
• . 
Influence of permanent magnet height variation
Variations in PM height were undertaken consulting the machine dimensions. A higher magnet PM height would imply a higher cost. Generally, lower PM heights will result in lower cogging torque, but when the PM height is very low it causes demagnetization problems [14] [15] [16] . Considering all these points, the parameters of rotor, airgap, and the machine's overall diameters were maintained.
With these arrangements, this section studies the effect of PM height on cogging torque for PM height values between 2 mm and 5 mm. When the PM height is changed, the stator pole shoe height is also changed. Figure 7 shows the model for different PM heights, indicating the consequent changes in stator pole shoe height. Figure 8 shows the results of simulations of cogging torque obtained for different PM heights. Cogging torque is reduced when the PM height is reduced from 5 mm to 2 mm, and this in turn reduces torque ripple. The associated developed electromagnetic torque for the respective PM height variations is shown in Figure 9 . The phase flux linkage for the FRG with different PM heights is shown in Figure 10 . A reduction in PM height increases the flux linkage of the generator. The increase in flux linkage reduces R , which reduces the cogging torque. The values of cogging torque, electromagnetic torque, and torque ripple are listed in Table  4 . Compared to the conventional model, 61% of cogging torque and 14% of torque ripple were reduced in the model with a PM height of 2 mm. Transient analysis was carried out for the considered PM height variations. The power, losses, and efficiency are given in Table 5 . Low PM height yields maximum power and an increased efficiency. When PM height is 3 mm, losses increase, which reduces the efficiency of the machine. Thus the optimal PM height for the FR generator is 2 mm. The decision to reduce the PM height to 2 mm is based on experience. The wisdom of this decision is based on the EMF the machine has to generate. Therefore, minimizing PM height for a reduced cogging torque at the cost of its EMF production is discouraged.
V-shaped double punch on rotor poles
In this section, the stator and magnet structures are unchanged and only the dimensions of V-shaped punches on the rotor poles are varied [17, 18] . In this study, the double-punching hole on the rotor poles is taken into account. The structural parameters are shown in Figure 11 . The depth of punching hole h d , the opening width of punching hole h w , and the distance between punching hole and the rotor pole tip h l are the important parameters of the V-shaped punching holes. The value of h d ranges from 0.34 to 3.72 mm, with a variation step of 0.5 mm. The value of h w ranges from 0.38 to 4 mm, with a variation step of 0.53 mm. The value of h l ranges from 0.38 to 4 mm, with a variation step of 0.53 mm.
The cogging torques for different rotor punch-hole dimensions are shown in Figure 12 . Cogging torque is notably reduced when the depth and width of the punch-hole are reduced and the distance from the hole to rotor pole tip is increased. When reducing the depth of the hole, the magnetic flux decreases, and the reluctance path increases. Hence, leakage flux and cogging torque are reduced. Flux distribution and flux-linkage characteristics are shown in Figure 13 . The maximum torque and torque ripples are shown in Figure 14 . When the hole depth is too deep, i.e. h d = 3.72 mm, the flux paths are restricted to the narrow section in the rotor pole. Hence, there is a lack of a ferromagnetic section for the flux path. Therefore, the reduction in average torque and increase in torque ripple are significant. When the hole depth of the hole is too shallow, i.e. h d = 0.3 mm, then it becomes a structure like a conventional FRG.
Higher average torque and lower torque ripple were obtained at a hole depth of 0.82 mm. Thus the finalized optimum punching hole dimensions are: h d = 0.82 mm, h w = 0.9 mm, and h l = 3.48 mm. Compared to the conventional model, 84% of cogging torque and 31% of torque ripple were reduced in the V-shaped punch model. The results of the transient analysis carried out for the various V-shaped rotor hole depths are given in Table 6 . When the depth of the hole is reduced, the losses are less and hence the efficiency of the machine improves.
When compared to a bigger punch depth, the results of transient simulation show that the selected h d = 0.82 mm has a 20% reduction in loss and 5% increase in efficiency. 
Discussion
Refer back to the transient analysis results for the various V-shaped rotor depths, as given in Table 6 . When the depth of the V-shaped hole is less (between 0.34 and 1.31 mm), the losses are smaller and hence the efficiency of the machine improves.
At the point h d = 2.26 mm, the magnetic loss is considerably high due to a larger flux density, according to the transient simulation results as shown in Figure 11c . This reduces the efficiency of the machine.
When the hole depth is too deep (from 2.76 to 3.72 mm), the distance from the flux lines reduces at the center point, which reduces the flux density of the machine (Figure 11d ). The magnetizing current drawn also proportionally reduces from that of the 2.26 mm case. Thus the core losses are gradually reduced; that is, the magnetic losses are reduced and efficiency is gradually increased. This efficiency variation with respect to rotor V-shaped punches is schematically indicated for a better understanding in Figure 11b .
When compared to deeper punches, the results of transient simulation show that the selected h d = 0.82 mm has a 20% reduction in loss and 5% increase in efficiency. Hence, this rotor punch hole is chosen.
Influence on combined optimized model
Compared to the conventional model, a) stator PM height variation, b) rotor pole arc variation, and c) V-shaped punches on the rotor pole all yield reduced cogging torque. This section studies the combined effect of all the three optimized FRG models on cogging torque reduction. Figure 16 shows the results of a cogging torque simulation for this model. Maximum cogging torque was reduced by 86.92% ( Figure 12 ). This is because of reduction in flux linkages ( Figure 17 ) compared to the flux linkages of other models ( Figures 5 and 10) , which reduces peak inductance of the machine. Figure 18 shows the electromagnetic torque considering both the PM and the winding excitation.
The electromagnetic torque and torque ripple values are given in Table 7 . This model has higher torque ripple than other optimized models. Torque ripple is almost equal to that of the conventional model. This higher torque ripple reduces the electromagnetic torque. Transient analysis was also performed for the combined optimized model. The results of power, losses, and efficiency are given in Table 8 . The obtained efficiency for this model is 12% less than the 23.5
• rotor pole arc model, 9% less than the 2 mm PM height model, and 5%
greater than the 0.82 mm hole depth model. Table 8 . Power, losses, and efficiency for the combined optimized model.
S.no. Combined model Power (W) Losses (W) Efficiency (%) 23.5
• rotor pole arc, 1 2 mm magnet height, and 1108.08 277.02 80 0.82 mm punch depth
Comparison
For an FRG, selection of the rotor pole arc and magnet height is important to achieve an average torque with a reduction in cogging torque. For the analyzed generator, a rotor pole arc of 23.5
• reduces cogging torque by 90% and torque ripple by 31%.
The reduction in PM height to 2 mm reduces cogging torque by 61% and torque ripple by 25%. Proper selection of dimensions of the punching hole on the rotor pole will help in reducing the cogging torque. For this generator, a V-shaped punch hole on the rotor pole with dimensions of h d = 0.82 mm, h w = 0.9 mm, and h l = 3.48 mm resulted in an 84% reduction in cogging torque and a 31% reduction in torque ripple, with an increase in the developed average torque. The combined optimized model reduced cogging torque by 86% (Table 9 ).
Compared to the conventional model, all the three models mentioned above have a good reduction in cogging torque, especially in the 23.5
• rotor pole arc model, where cogging torque is almost entirely removed. The PM height model has the least cogging torque reduction compared to other models. Both the rotor pole arc model and the rotor punch model have similar torque ripple, but the cogging torques of V-punched model are slightly higher than the rotor pole arc model.
The combined model has very little torque ripple reduction compared to the other models, and efficiency is also less than the rotor pole arc model. Thus, the 23.5
• rotor pole arc model is the most significant model to reduce the cogging torque.
Experimental verification was carried out for the 23.5
• rotor pole arc model.
Experimental verification
To verify the simulation results, a prototype of an FR generator with 6 stator poles and 8 rotor poles was assembled to carry out tests. Silicon steel sheet was used, with a lamination thickness of 0.4 mm. The stator and the rotor, with a pole arc of 23.5
• , are shown in Figure 19 . A NdFeB PM with a thickness of 2.5 mm was used. The magnets were attached to the stator using Araldite glue. The magnet arrangements are shown in Figure 20a . The outside cover and mounting plates were made up of aluminum, as shown in Figure 20b , to avoid flux loop formation. The copper coils were connected in a star and taken out as 3 single-phase wires and one neutral wire, as shown in Figure 21 . For cogging torque measurement, the rotor should turn without the input current. The rotor was turned with the help of a DC motor, as shown in Figure 22 . The rated values of the FRG are 1 kW, 5000 rpm, and 220 V. In order to get accurate results, the generator was driven at a lower speed of 1 rpm. Torque was measured using the torque sensor. The torque sensor was coupled with the generator shaft. The maximum torque of the torque transducer is 2 Nm. The captured signal from the torque transducer was fed to the oscilloscope. The experimental study was carried out for the rotor pole arc model and compared with the FEA simulation results, as shown in Figure 23 . The FEA of the cogging torque is in good agreement with the experimental results.
In order to determine the load behavior of the machine, the generator-induced voltage and load current were measured for each load. This was repeated for various speed ranges from 1000 rpm up to 9000 rpm.
The induced voltage at various speeds is shown in Figure 24 . The measured induced voltage was 58 V at 1000 rpm and 226 V at 9000 rpm. The tolerance was 12% when compared with the simulation results. Similarly, the measured stator current was 0.3 A at 1000 rpm and 1.4 A at 9000 rpm. The tolerance was 6%, when compared with the simulation results, as shown in Figure 18 The maximum power of 850 W was obtained at a speed of 5000 rpm and the tolerance was 15% when compared with the simulation result. Efficiency was calculated from input and output power (η = outputpower/inputpower) for various speeds. The maximum efficiency of 85% was obtained at 5000 rpm (Figure 27 ) and the tolerance was 5% when compared to the simulation results, which is quite acceptable. 
Conclusions
This study examined the effect of three different modifications on cogging torque reduction: a) stator PM height variations, b) rotor pole arc variation, and c) V-shaped punch on the rotor pole. FEA was used for analyzing the machine. First, the rotor pole arc variation was analyzed from 15.5
• . With the increase in the rotor pole arc, the peak-to-peak flux linkages as well as the peak-to-peak inductances are reduced, which reduces the reluctance torque of the generator. This reduces cogging torque. Varying the rotor pole arc from 23.5
• gives the minimum cogging torque, better electromagnetic torque performance, and smaller core losses.
Based on the analysis, the optimal rotor pole arc is 23.5
• .
Proper choice of magnet height results in a substantial reduction in cogging torque as well as torque ripple. Hence, the generator was analyzed for different PM heights ranging from 2 to 5 mm. For the analyzed generator, a PM height of 22% (2 mm) of stator pole height yielded a 61% reduction in cogging torque and 14% reduction in torque ripple.
A V-shaped punch on the rotor pole was analyzed for different rotor hole depths. When reducing the depth of the hole, 84% of cogging torque was reduced and 31% of torque ripple was reduced. Thus, the optimal depth of the hole is 9% of rotor pole width (0.82 mm).
The optimized variables obtained were simulated in a single FRG machine, where cogging torque was reduced up to 86%, though the torque ripple remained almost the same as in the conventional machine. When comparing all the models, a rotor pole arc of 23.5
• is more efficient at reducing the cogging torque for this generator. Hence, experimental verification was carried out for the 23.5
• rotor pole arc model. The experimental results were obtained and compared with the simulation results. The measured cogging torque of the FR generator confirms the reduction in cogging torque by 84%. FEA simulation results agree with the prototype measured results, with good tolerance limits.
Therefore, it is concluded that (i) pole arc optimization can be done to finalize the rotor pole arc to minimize cogging torque; (ii) PM height between 20% and 25% of the main pole height of the FRG will reduce cogging effects, and (iii) V-shaped punches on either side of the rotor pole, with a minimal depth, reduce cogging torque.
FRG manufacturers can undertake these studies via simulation in order to finalize prototype dimensions.
